Background: Propofol is the anesthetic of choice for patients with reactive airway disease and is thought to reduce intubation-or irritant-induced bronchoconstriction by decreasing the cholinergic component of vagal nerve activation. However, additional neurotransmitters, including neurokinins, play a role in irritant-induced bronchoconstriction. We questioned the mechanistic assumption that the clinically recognized protective effect of propofol against irritant-induced bronchoconstriction during intubation was due to attenuation of airway cholinergic reflexes. Methods: Muscle force was continuously recorded from isolated guinea pig tracheal rings in organ baths. Rings were subjected to exogenous contractile agonists (acetylcholine, histamine, endothelin-1, substance P, acetyl-substance P, and neurokinin A) or to electrical field stimulation (EFS) to differentiate cholinergic or nonadrenergic, noncholinergic nerve-mediated contraction with or without cumulatively increasing concentrations of propofol, thiopental, etomidate, or ketamine. Results: Propofol did not attenuate the cholinergic component of EFS-induced contraction at clinically relevant concentrations. In contrast, propofol relaxed nonadrenergic, noncholinergic-mediated EFS contraction at concentrations within the clinical range (20 -100 M, n ϭ 9; P Ͻ 0.05), and propofol was more potent against an exogenous selective neurokinin-2 receptor versus neurokinin-1 receptor agonist contraction (n ϭ 6, P Ͻ 0.001). Conclusions: Propofol, at clinically relevant concentrations, relaxes airway smooth muscle contracted by nonadrenergic, noncholinergic-mediated EFS and exogenous neurokinins but not contractions elicited by the cholinergic component of EFS. These findings suggest that the mechanism of protective effects of propofol against irritant-induced bronchoconstriction involves attenuation of tachykinins released from nonadrenergic, noncholinergic nerves acting at neurokinin-2 receptors on airway smooth muscle.
P ROPOFOL is recognized as the preferred intravenous anesthetic agent in patients with reactive airway disease requiring intubation, an event that can induce irritant-mediated reflex bronchoconstriction. 1 The presumed mechanism of airway protection by propofol involves the attenuation of parasympathetic nerve acetylcholine release: the assumed mechanism of irritant-induced bronchoconstriction. [2] [3] [4] Supraclinical concentrations of propofol are required to block agonists directly contracting airway smooth muscle, which has lent support to this presumed neural cholinergic mechanism. Although propofol is known to act, in part, by potentiating endogenous ␥-aminobutyric acid action at ␥-aminobutyric acid receptors type A on airway smooth muscle, 5 direct airway smooth muscle effects of propofol at concentrations above those achieved clinically have been attributed to modulation of L-type calcium channels 6 and inositol phosphate signaling. [7] [8] [9] Studies suggesting a vagal nerve-mediated mechanism for propofol have made two important and perhaps incorrect assumptions of irritantinduced bronchoconstriction: (1) cholinergic nerves are the primary airway efferent nerve and (2) acetylcholine is the primary agonist.
Cholinergic irritant-induced bronchoconstriction is mediated by an irritant-activated afferent fiber signaling to the central nervous system to stimulate cholinergic outflow along the vagus nerve contracting airway smooth muscle via released acetylcholine acting at M3 muscarinic receptors. However, additional irritant-sensing afferent nerves are present in the airway. Nonadrenergic, noncholinergic (NANC) nerves are composed of the following three groups of airway afferent nerves: (1) unmyelinated nociceptive C fibers, (2) rapidly adapting or irritant mechanoreceptors, and (3) slowly adapting stretch receptors differentiated by airway location, physiochemical sensitivity, neurochemistry, and conduction velocities. 10 -13 Stimulated NANC nerves induce bronchoconstriction in animals and humans by liberated neurotransmitters (e.g., tachykinins). 14 -18 Tachykinins have multiple effects in airways, including bronchoconstriction, hyperemia, microvascular hyperpermeability, and mucus secretion by affecting airway smooth muscle, mucosal vasculature, submucosal glands, and mast cells through Gqcoupled neurokinin receptors with subtypes 1, 2, and 3.
In this study, we questioned the mechanistic presumption that propofol preferentially relaxes irritant-induced bronchoconstriction by attenuating the activity of efferent parasympathetic cholinergic nerves. To address this mechanistic question, we studied whether propofol was more effective than thiopental, etomidate, or ketamine in attenuating constriction of guinea pig airway smooth muscle in vitro contracted by cholinergic or NANC neurotransmitter-mediated electrical field stimulation (EFS) of nerves and the exogenous contractile agonists acetylcholine, histamine, endothelin-1, substance P, acetyl-substance P, and neurokinin A.
Materials and Methods

Guinea Pig Tracheal Rings in Organ Baths
All studies were approved by the Columbia University Institutional Animal Care and Use Committee (New York, New York). Hartley male guinea pigs (400 g) were anesthetized by 50 mg intraperitoneal pentobarbital. Tracheas were promptly removed and dissected into two closed cartilaginous ring units with mucosa, connective tissue, and epithelium removed and attached to a fixed tissue hook in a 2-ml bath (Radnoti Glass Technology, Inc., Monrovia, CA) and a Grass FT03 force transducer (Grass Telefactor, West Warwick, RI), using silk threads as previously described. 19 BioPac hardware and Acknowledge 3.7.3 software (Biopac Systems, Inc., Goleta, CA) continuously digitally recorded muscle force throughout all experiments. Rings were equilibrated at 1 g of isotonic force for 1 h with Krebs-Henseleit buffer 19 (with 10 M indomethacin, pH 7.4, 37°C) replaced every 15 min in buffer continuously bubbled with 95% O 2 and 5% CO 2 .
One tracheal ring was used for a single contractile agonist and intravenous anesthetic. Each experiment used a contrac-tile stimulus previously demonstrated to provide a sustained response before the addition of cumulatively increasing concentrations of an intravenous anesthetic to the organ baths. In addition, all responses were compared with rings in parallel organ baths exposed to the same contractile protocol without intravenous anesthetic exposure to ensure that changes in contracted tone reflected intravenous anesthetic rather than spontaneous decay of contracted tone and thus functioned as contractile stimuli time controls. All responses were measured as the difference between the peak muscle force before an intravenous anesthetic and peak muscle force after intravenous anesthetic. Cholinergic and NANC EFS. Tracheal rings were contracted with cumulatively increasing concentrations of acetylcholine (0.1-100 M) twice before resting tension was reestablished at 1 g, and either 1 0 M thiorphan (acetylcholine experiments) or 1 M atropine (NANC experiments) was added to the baths. Ten-second trains of square wave direct current EFS (30 -50 Hz, 24 V, 0.5 ms pulse width) every 80 s to 20 min were applied through platinum electrodes built into the organ baths. These electrical stimuli induced a contractile response with two distinct components previously characterized: a rapid cholinergic contraction followed by a more slowly developing contraction classic for excitatory (procontractile) NANC contractions. 20, 21 Once consistent repetitive contractile responses were obtained, cumulatively increasing concentrations of propofol (0.5-100 M), thiopental (0.5-200 M), ketamine (0.5-50 M), or etomidate (0.008 -16 M) were added to the baths. Exogenous Acetylcholine. Rings were contracted with 1-1.5 M acetylcholine until three consistent sustained contractions were achieved. Then, propofol (0.5-100 M), thiopental (0.5-200 M), ketamine (0.5-50 M), and etomidate (0.008 -16 M) were added to the baths after a sustained contraction to exogenous acetylcholine. Exogenous Histamine. Rings were contracted with 1-10 M histamine and then washed as above until three consistent sustained contractions were achieved. Then, propofol (0.5-100 M) or thiopental (0.5-200 M) was added to the baths after a sustained contraction to exogenous histamine was established. Exogenous Endothelin-1. Tracheal rings were contracted with a single concentration (1 M) of endothelin-1 before cumulatively increasing concentrations of propofol (0.5-100 M) or thiopental (0.5-200 M) were added to the baths after attainment of a stable contraction. Exogenous Substance P. Tracheal rings were contracted with a single concentration (1-5 M) of substance P, and after the attainment of a stable contraction, cumulatively increasing concentrations of propofol (0.5-100 M) or thiopental (0.5-200 M) were added to the baths. In a separate group of experiments, tracheal rings were pretreated with compound 48/80 (815 mM) and N-vanillylnonanamide (10 M) to deplete mast cells and NANC nerves of neurotransmitters, respectively. In preliminary studies, tracheal rings contracted with either N-vanillylnonanamide or compound 48/80 did not contract to a second exposure, confirming the successful depletion of neurotransmitters. After the attainment of a stable contraction in response to substance P, cumulatively increasing concentrations of propofol or thiopental were added as mentioned earlier. Exogenous Acetyl-Substance P or Neurokinin A. Tracheal rings were contracted with a single concentration (0.1 M) of the neurokinin-1 receptor-selective agonist acetyl-substance P or the neurokinin-2 receptor agonist neurokinin A. After the attainment of a stable contraction for 5 min in response to acetyl-substance P or neurokinin A, cumulatively increasing concentrations of propofol (20 -100 M) were added as mentioned earlier with continuous digital recording of muscle force.
Reagents
Propofol (ICN Biomedicals, Costa Mesa, CA) and thiopental (Sigma-Aldrich, St. Louis, MO) were diluted in dimethyl sulfoxide (Fisher Scientific, Waltham, MA) before further dilution in water such that final dimethyl sulfoxide concentration in the bath did not exceed 0.1%. Etomidate (Hospira, Lake Forest, IL) in propylene glycol was diluted in water such that the final concentration of propylene glycol did not exceed 0.2%. Acetyl-substance P, atropine, histamine, ace-tylcholine, endothelin-1, compound 48/80, indomethacin, and thiorphan were purchased from Sigma-Aldrich. Ketamine and pentobarbital were purchased from Henry Schein Veterinary Co. (Indianapolis, IN). Neurokinin A, tetrodotoxin, and substance P (Calbiochem, San Diego, CA) were suspended in acetic acid and diluted with buffer with no change in the final pH.
Statistical Analysis
All statistical analyses were conducted using Graphpad Instat 3.01 software (GraphPad Softare, Inc., San Diego, CA) using repeated-measure two-way ANOVA with a post hoc Student t test with Bonferroni correction for multiple comparisons with statistical significance set at P Ͻ 0.05. All P values were twotailed. In all experiments, n is the number of individual tracheal rings studied. All results are presented as mean Ϯ SEM.
Results
Intravenous Anesthetic Relaxation of EFS-induced Tracheal Ring Contractions
Guinea pig tracheal rings were contracted by EFS using electrical parameters and pretreatments to allow the distinction between cholinergic (postganglionic parasympathetic nerve 
Intravenous Anesthetic Relaxation of Exogenous Agonist-induced Contractions
In agreement with our cholinergic EFS data, propofol was less effective than thiopental, with only the highest After the depletion of endogenous tachykinins from NANC nerves by capsaicin and histamine from mast cells with compound 48/80, propofol was still more effective than thiopental at relaxing substance P-induced contractions, confirming that this preferential effect of propofol was at the level of the airway smooth muscle (n ϭ 4, 20 -100 M; fig. 5 ).
Additional studies were performed in tracheal rings contracted with the NK1-selective agonist acetyl-substance P or the NK2-selective agonist neurokinin A. Propofol at concentrations considered above the clinical range (100 M) relaxed both NK1-and NK2-induced contractions; however, propofol significantly attenuated only a NK2-induced contraction at concentrations well within the clinically achieved range (50 M, P Ͻ 0.001 for NK2 compared with NK1 relaxation, n ϭ 6; fig. 6 ).
Histamine-(1-10 M) and endothelin-1 (1 M)-induced contractions were sustained for shorter periods of time compared with contractions induced with acetylcholine or substance P. Spontaneous relaxation of histamine-or endothelin-1-induced contractions was not increased by clinically achieved concentrations of propofol or thiopental (n ϭ 9 for each drug against each contractile agonist; fig. 7 ).
Discussion
Our primary finding is that clinically relevant concentrations of propofol selectively and uniquely inhibited isolated guinea pig airway smooth muscle contraction induced by selective neurokinin-2 receptor activation and the NANC nerve component of EFS. None of the intravenous anesthetics tested (propofol, thiopental, etomidate, or ketamine) relaxed cholinergic-mediated EFS-induced contraction of airway smooth muscle. Thiopental was more effective than propofol at relaxing exogenous acetylcholine-induced contractions. These findings conflict with the accepted assumptions that the mechanism of preferential protection from irritant-induced bronchoconstriction during intubation by propofol is attenuation of cholinergic nerve acetylcholine release and that irritantinduced vagal nerve acetylcholine release is the predominant mediator of bronchospasm by tracheal intubation.
Interpretation of these findings must account for the relative concentrations of intravenous anesthetics achieved in the airway tissue after bolus administration before irritation of the upper airway during endotracheal tube intubation. The measurement of plasma propofol concentrations during clinical administration is complex, and the concentration of intravenous anesthetics present at the tissue in airways after induction doses is unknown, but serum concentrations allow for a relative comparison. Induction doses of propofol (2-3 mg/kg intravenously) result in peak plasma concentrations of 60 -80 M, 8, 9, 22 whereas maintenance infusions of propo- fol reportedly achieve approximately 30 M concentrations. [23] [24] [25] [26] Although the concentration in individual tissue compartments is unknown, high tissue uptake of propofol by the lung (30% of bolus dose) has been reported. 27 A large percentage of propofol is protein-bound, although the fraction of free drug actually increases at lower concentrations. This would lessen the potential error in our concentration calculations that are performed in the absence of protein binding in buffer in organ baths. 28 The peak serum concentrations of etomidate, thiopentone, and ketamine after anesthetic induction are reported to be 5, 25, and 6 M, respectively. 29, 30 Many studies in humans and animal airway tissue models demonstrate propofol attenuation of acetylcholine, 2, 31, 32 histamine, 33 and endothelin-1 contractile responses 2 but only at propofol concentrations above those achieved clinically (100 -300 M). Muscarinic receptor-mediated signaling coupled to L-type calcium channels, 6 intracellular calcium changes, 33, 34 or inositol phosphate synthesis 7 has only been effected by high concentrations of propofol (Ͼ 100 M). Calcium sensitivity in permeabilized canine tracheal smooth muscle cells in the absence or presence of muscarinic receptor activation was not affected by propofol even at con-centrations of 270 M. 35 In dogs, propofol attenuated methacholine bronchoconstriction, 36 the neural component of histamine-induced bronchoconstriction, 2 and vagal nerve-induced bronchoconstriction 4 only at concentrations of 20 mg/kg (typical human induction dose is 2-3 mg/kg). Taken together, these studies have demonstrated that at clinically relevant concentrations, propofol does not have significant effects on cholinergic modulation of airway smooth muscle.
Conversely, in a sheep model, vagal nerve-induced bronchoconstriction has been shown to be more sensitive to low concentrations of propofol than cholinergic constriction mediated at the airway smooth muscle. Delivery of propofol via the bronchial artery to sheep resulted in attenuation of vagal nerve-induced bronchospasm at lower doses (300 g/min) and attenuation of methacholine-induced bronchoconstriction only at doses (3 mg/min) believed to be above clinically relevant concentrations by these authors, perhaps suggesting relaxation of an NANC-induced constriction by their parameters. 3, 37 To confirm that the preferential relaxation of NANC mediated EFS-induced contraction by propofol is not confounded by other C fiber, mast cell, or epithelial cell media- tors, epithelium-denuded guinea pig tracheal rings were contracted with exogenous substance P after depletion of C fiber and mast cell neurotransmitters. Again, propofol, but not thiopental, preferentially attenuated exogenous substance P contraction of airway smooth muscle. To further ensure that mast cell-derived neurotransmitters, that is, histamine or epithelial-derived products such as endothelin-1, were not secondary agonists inducing contraction, propofol and thiopental were given in an attempt to attenuate hista-mine-and endothelin-1-induced contractions of airway smooth muscle but did not show any significant attenuation of these contractions.
Substance P activates NK1, NK2, and NK3 receptors. In an attempt to determine whether the preferential relaxation of neurokinin-mediated contraction by propofol could be linked to a specific neurokinin receptor subtype, further studies were conducted by contracting guinea pig tracheal rings with neurokinin receptor-1-and -2-specific agonists acetyl-substance P and neurokinin A, respectively. Although propofol, but not thiopental, relaxed both neurokinin receptor-1-and -2-mediated contractions at concentrations above the clinical range, propofol caused significant relaxation only at the neurokinin-2 receptor within the clinical range.
Although these findings do not discount the possibility that propofol decreases NANC nerve signaling, the effects of propofol were most clearly elucidated after nerve and mast cell neurotransmitter depletion in the presence of exogenous contractile agonists acting directly at the neurokinin-2 receptor on airway smooth muscle, suggesting that the protective effects of propofol against irritant-induced bronchoconstriction are mediated, at least in part, at the smooth muscle itself at propofol concentrations within the clinical range.
In this study, we have chosen to use guinea pig airway smooth muscle, in a well-established model of induced muscle contraction, because guinea pigs have exquisitely sensitive airways, comparable with the most brittle asthmatic with robust cholinergic and NANC responses both from EFS of retained airway nerves and in direct response to exogenous agonists. The current model measures in vitro muscle force as a surrogate for in vivo airway constriction. Our model is not specifically a model of irritation-induced bronchoconstric- 6 . Guinea pig tracheal ring muscle force generated by selective neurokinin-1 and neurokinin-2 receptor agonists acetyl-substance P (Ac sub P) and neurokinin A (NKA), respectively. Data expressed as percent change from peak contraction and response to 20 -100 M propofol (n ϭ 10) versus acetyl-substance P and NKA. Data are expressed as mean Ϯ SEM. Although propofol relaxed both neurokinin-1 and -2 receptor-mediated contractions, only neurokinin-2-mediated contraction was relaxed at clinically relevant concentrations. Relaxation of neurokinin-2-specific agonist NKA suggests that the protective effect of propofol against reflex-induced bronchoconstriction is, at least in part, mediated by the neurokinin-2 receptor-mediated nonadrenergic, noncholinergic contraction. *** P Ͻ 0.001. tion. However, our model does allow for EFS of the retained efferent nerves composing the irritant-induced reflex arc with separate discernible cholinergic and NANC contraction components. Moreover, this model allows for the exogenous administration of specific neurotransmitters known to be effectors of the cholinergic and NANC responses. It is likely that responses to individual neurotransmitter agonists vary between species, and it is likely that the guinea pig response to NANC neurotransmitters is more robust than that of humans.
However, several studies suggest a tachykinin-mediated contractile pathway in human smooth muscle, although its clinical relevance is not clearly demonstrated. 38 -40 Unpublished data from our own laboratory using human trachea muscle strips in organ baths (Emala, CW. Columbia university College of Physicians and Surgeons, New York, New York; Data provided August 24, 2009) demonstrate robust contraction with both substance P-and the NK2-specific agonist ␤-alanine neurokinin A fragment 4 -10, which is preferentially relaxed by propofol. Direct effects of tachykinins on airway smooth muscle have been demonstrated in several species, including human, acting on all the three known subtypes of neurokinin receptors (NK1, NK2, and NK3). 38 -40 Interest in the role of tachykinins in patients with asthma 41 was initially stimulated by the findings that a tachykinin antagonist FK224 attenuated bradykinin-induced bronchoconstriction in asthmatics. 42 Isolated strips of human tracheal smooth muscle have been contracted with EFS that was not ablated by atropine or propranolol, suggesting NANC contraction. 43 Inhaled non-subtype-specific stimulants of NANC contraction, substance P, and capsaicin have decreased airflow measured by forced expiratory volume and sGaw in some studies. 44 -46 The selective neurokinin receptor-2 agonist neurokinin A has been given to humans intravenously 47 and via inhalation 48 with decreases in airway flow measured by expiratory flow and sGaw, respectively.
More recently, interest in the role of tachykinins in asthma and chronic obstructive pulmonary disease 49, 50 and the demonstration of a relationship between reactivity to methacholine and tachykinins in asthmatic airways 51 have led to recent studies demonstrating the effectiveness of dual 52 or triple 53 neurokinin subtype-specific antagonists in blocking neurokinin-induced bronchoconstriction in asthmatics. Taken together, these studies support a tachykinin-mediated contractile pathway in human airway smooth muscle and lend support to the relevance of the current studies in guinea pig airway smooth muscle to the human airway. Despite these important documented roles of tachykinins in bronchoconstriction and more specifically in irritant-induced bronchoconstriction, nothing is known about the interaction of intravenous anesthetics with tachykinins during a routine irritant to the upper airway: an endotracheal tube, and it is possible that the magnitude of NANC contraction in humans differs from the magnitude of NANC contraction in guinea pigs.
Our findings suggest that the mechanism of the protective effect of propofol on irritant-induced bronchoconstriction may be either by decreasing NANC nerve transmission or by attenuating the contractile effect of liberated tachykinins at the neurokinin 2 receptor on the airway smooth muscle itself. 
